Generation and tomography of arbitrary qubit states in a transient
  collective atomic excitation by Brannan, Travis et al.
Generation and tomography of arbitrary qubit states in a
transient collective atomic excitation
T. Brannan,1 Z. Qin,1, 2 A. MacRae,1, 3 and A. I. Lvovsky1, 4, ∗
1Institute for Quantum Science and Technology, University of Calgary, Calgary, Alberta T2N 1N4, Canada
2Quantum Institute for Light and Atoms, State Key Laboratory of Precision Spectroscopy,
East China Normal University, Shanghai 200062, People’s Republic of China
3Department of Physics, University of California, Berkeley, CA 94720
4Russian Quantum Center, 100 Novaya St., Skolkovo, Moscow 143025, Russia
compiled: November 21, 2018
We demonstrate the generation of heralded Fock-basis qubits (a|0〉 + b|1〉) from transient collective spin ex-
citations in a hot atomic vapor. The collective spin excitation is heralded by Raman-scattered photons in
a four-wave mixing process seeded by a weak coherent optical excitation. The amplitude and phase of the
seed field allow arbitrary control over the qubit coefficients. The state of the ensemble is read out optically
and then characterized using balanced homodyne tomography. This work represents a step towards quantum
engineering of collective atomic spin states.
Quantum state engineering remains a central challenge
for the development of quantum technologies. There has
been a great deal of progress in preparing and measuring
interesting quantum states in the optical domain, driven
by the attractiveness of light as a mediator for quantum
information and quantum communication [1]. Quantum
state engineering has also been demonstrated in many
other quantum systems [2], including superconducting
circuits [3] and trapped ion ensembles [4].
Extending these techniques to collective spin excita-
tions (CSEs) in atomic ensembles would prove valuable,
as atomic systems have shown to be a promising candi-
date for storage of quantum states and light-matter in-
terations [5]. Additionally, engineering arbitrary quan-
tum states of these atomic CSEs can find applications in
quantum memories [6], quantum repeaters [7], quantum
logic gates [8], and quantum metrology [9].
Such engineering is enabled by the recently devel-
oped methods of preparing the single-quantum CSE
by heralding on a Raman-scattered photon [7] as well
as applying the ideology of homodyne tomography for
measurement of CSE states [10, 11]. Used together
[11, 12], these techniques permit extension of well devel-
oped strategies of quantum state engineering from the
optical domain to atomic CSEs. In this work we demon-
strate creation and characterization of an arbitrary qubit
state of a transient CSE — a superposition of the vac-
uum and single-quantum states. This represents an im-
portant step towards full control over the CSE Hilbert
space.
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Our system employs coherent double Raman scatter-
ing (four-wave mixing) in an ensemble of three-level Λ-
type atoms (Fig. 1(b)), akin to the DLCZ protocol [7].
If all atoms are initially in one ground state |b〉, emis-
sion of a single Raman-scattered photon corresponds
to a “write” event where one atom has transitioned to
the other ground state |c〉. Since the atoms are indis-
tinguishable, the excitation occurs collectively over all
of the atoms within the interaction region, leaving the
atomic ensemble in the single-quantum CSE state:
|1〉 = 1√
N
N∑
n=1
eiφn |b1, . . . bn−1cnbn+1 . . . bN 〉 (1)
Here, N is the total number of interacting atoms and φn
gives the phase associated with the recoil of each atom.
The Hamiltonian for the Raman scattering is
Hˆ = γ(aˆiaˆCSE + aˆ
†
i aˆ
†
CSE), (2)
where aˆi and aˆCSE are the annihilation operators for the
scattered photon and the atomic CSE respectively, and
γ is the coupling constant.
This Hamiltonian is identical to the usual two-mode
squeezing Hamiltonian characteristic of spontaneous
parametric down-conversion, however here only one of
the modes is optical while the other one is atomic. The
entanglement it creates enables us to engineer quantum
states of the CSE by performing measurements on the
optical mode.
In DLCZ, detection of the photon heralds the creation
of a single-quantum CSE, possibly delocalized between
two ensembles. More sophisticated measurements, how-
ever, permit engineering of more complex atomic states.
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2We experimentally generate arbitrary Fock-basis qubits,
following the technique reminiscent of Bimbard et al.
[13]. We seed the optical channel of Hamiltonian (2)
by a weak coherent state |α〉. Assuming that the initial
atomic state is vacuum (all atoms in |b〉), interaction un-
der Hamiltonian (2) for time t leads, in the first order in
α and γ, to the following state:
|Ψout〉 = |0i, 0CSE〉+ α|1i, 0CSE〉 − iγt~ |1i, 1CSE〉. (3)
In writing Eq. (3), we used |α〉 ≈ |0〉 + α|1〉 and
e−iHˆt/~ ≈ Iˆ − iHˆt/~. Now if we perform photon de-
tection in the optical mode, a single detection event will
occur with probability
prcount = |α|2 + (|γ|t/~)2 (4)
which projects the CSE mode onto
|ΨCSE〉 = α|0〉 − iγt~ |1〉. (5)
In other words, because the photon detector cannot dis-
tinguish between a click coming from the coherent beam
or from Raman scattering, the state of the CSE colla-
pases into a superposition of matter states corresponding
to the situations where Raman scattering has and has
not occurred. The relative amplitudes of the vacuum
and single-photon terms in Eq. (5) can be controlled by
the amplitude and phase of the weak coherent beam, al-
lowing for the creation of any arbitrary single-rail atomic
qubit.
Subsequent excitation of the |c〉 → |a〉 transition per-
mits the CSE state to be “read out”. Atoms return to
the original state |b〉 and the CSE is transformed into
an optical state coherently emitted along the |a〉 → |b〉
transition. Constructive interference for this read tran-
sition occurs when phase-matching conditions are met,
collectively enhancing the emission into a specific optical
mode [7]. The resulting optical state can be measured
using homodyne tomography, thereby allowing the char-
acterization of the CSE.
In our experiment, a single, strong continuous laser
pumps both of the read and write transitions involved in
DLCZ simultaneously. The read and write transitions,
with the associated emission of the photons (which we
call “signal” and “idler” in analogy to spontaneous para-
metric down conversion) occur at the same time, so the
CSE is of transient character [11]. In future experiments,
the CSE lifetime can be extended by switching to pulsed
excitations, allowing for time separation of the read and
write events.
Our Λ system employs the 795 nm D1 multiplet in
85Rb, shown in Fig. 1(b). Both optical transitions are
driven by a single laser, which is blue-detuned by 0.8
GHz from the |5S1/2, F = 2〉 → |5P1/2〉 (|b〉 → |a〉)
transition and by 3.9 GHz from the |5S1/2, F = 3〉 →
|5P1/2〉 (|c〉 → |a〉) transition. This detuning is chosen to
avoid absorption losses while retaining reasonable non-
linearity.
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Fig. 1. (a) Experimental setup. A weak seed beam |α〉 is
overlapped along the same mode as the four-wave mixing
idler and then subsequently detected after filtering. Due to
the identical spatial mode and extreme time resolution of the
single photon counting module, the source of the detection
events is fundamentally indistinguishable, which projects the
signal onto a controllable superposition state. (b) The three-
level lambda system in 85Rb. A strong pump drives both
Raman transitions between the 5S1/2, F = 2 and F = 3
states, resulting in emission of photon pairs into the signal
and idler channels.
The experimental setup is shown in Fig. 1(a). The
1-Watt pump beam at 795 nm is generated by a
Tekhnoscan TIS-SF 777 Ti:Sapphire laser and passes
through a 85Rb gas cell which is heated to 107◦C. In
the absence of the coherent seed beam, a quantum four-
wave mixing process leads to the generation of correlated
signal and idler photons along phase-matched directions
[14]. A weak coherent beam |α〉 is generated at the
same frequency as the idler photons by double-passing a
small part of the master laser field through a 1.54 GHz
acousto-optical modulator. This beam is attenuated, us-
ing a series of neutral-density filters as well as waveplates
and polarizing beam splitters, to the single-photon level.
It is then passed through the cell in a spatial mode con-
sistent with that of the idler photons from the four-wave
mixing. Subsequently, this mode is spectrally filtered us-
ing a 55 MHz linewidth monolithic filter cavity [15] and
spatially filtered using a single mode fiber before being
measured with a single photon detector.
Heralded by a click in the photon detector, we mea-
sure the state of the signal using a 100 MHz bandwidth
homodyne detector [16]. The local oscillator is provided
by a 20 mW diode laser phase-stabilized with respect to
the pump using an optical phase-lock loop [17]. The ho-
modyne detector photocurrent is integrated over a tem-
poral mode that is determined from the signal variance
as a function of time [11], to give a single quadrature
value for each click event.
Remarkably, this technique automatically ensures in-
distinguishability between photons from the coherent
state and the atomic source. This indistinguishability is
not inherent: while the Raman scattering is broadband,
the bandwidth of the coherent state is determined by
that of the master laser, i.e. is on the order of a few
kHz. However, precision timing of the photon detec-
tion events (on a scale of hundreds of picoseconds) com-
bined with spectral filtering with a width of 55 MHz
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Fig. 2. Reconstructed quantum states. (a) The single pho-
ton Fock state obtained in the absence of the seed (α = 0).
The density matrix has ρ11 = 0.47, with a corresponding
dip in the Wigner function at the origin and no phase de-
pendence in the quadrature data. (b) Reconstructed state
for a generated qubit, in the case where 24% of the photon
detection events are coming from |α〉. Off-diagonal elements
of the density matrix and phase dependence in the quadra-
ture data indicate coherence, leading to a displacement of
the peak of the Wigner function from the origin. Despite the
significantly increased vacuum component, the off-diagonal
terms contribute to a generalized efficiency of 46%.
projects all photons onto indistinguishable transform
limited wavepackets with the spectrum determined by
the transmissivity of the spectral filter and centered in
time around the detection event [18].
A piezoelectric transducer in the local oscillator path
permits phase variation as required for homodyne to-
mography. After 100,000 quadrature values are col-
lected, the quantum state of the signal is reconstructed
using an iterative maximum-likelihood algorithm [19,
20].
We reconstruct the density matrix of the signal state
that is generated for a range of coherent state amplitudes
|α|. Fig. 2 shows a comparison between a single photon
Fock state (α = 0) and a sample qubit (α~/γt = 0.56).
In the latter case, the off-diagonal element ρ01 of the
density matrix arises, demonstrating that the two com-
ponents of the qubit are in a coherent superposition.
Fig. 3(a,b) plots elements ρ11 and ρ01 of the recon-
structed density matrix as a function of the added count
rate in the idler channel due to the seed beam. The
added count rate is comparable to the count rate of 335
kHz observed at α = 0. The blue circles show exper-
imentally measured data points, with error bars given
by the standard deviation from multiple measurements.
The dashed red curves show theoretical predictions ob-
tained given by Eqs. (4) and (5), which are then sub-
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Fig. 3. Experimental results. Density matrix elements (a)
ρ11 and (b) ρ01 are shown, each as a function of the added
count rate in the idler channel corresponding to increasing
intensity of the seed coherent state. (c) The generalized ef-
ficiency E(ρˆ) is calculated over the same range of |α|. The
black solid line is generated using a theoretical model of the
four-wave mixing process considering photon number terms
up to four, taking into account imperfect detection efficiency
and losses in both the signal and idler channels. The dashed
red curve uses the simplified model given by Eq. (5) af-
ter identical losses, which neglects photon number elements
above n = 1. The orange curve considers a reduction of ρ01
by a constant factor of 0.81 with respect to the black curve.
jected to linear losses along the signal channel to match
experimental conditions. The solid black curves follow a
similar model which takes into account additional con-
siderations such as higher photon number components
and imperfect detector efficiency in the idler channel.
Limited homodyne detector bandwidth plays a signifi-
cant role in the signal channel losses, as it corresponds
to a timing jitter in measurements of the signal qubit.
This causes a mismatch between the measured temporal
mode and the actual temporal mode, leading to reduced
visibility which has the same effect as spatial mode mis-
match and optical losses [18, 21]. All of the sources
of loss contribute to a combined signal channel loss of
51%. Other best fit parameters include a combined loss
of 90% in the idler channel and a fitting parameter γ
4which corresponds to γt/~ = 0.22. These parameters
are consistent with losses that are measured in the lab,
and γ is consistent with the magnitude of the two-photon
component of the generated state [11].
The quality of the generated qubits can be estimated
from the experimental data by using the generalized ef-
ficiency [22, 23], defined as the lowest possible value of
T such that the state observed experimentally can be
obtained from another state by transmitting through a
loss channel with transmissivity T . Neglecting the pho-
ton number terms above 1, the generalized efficiency is
given by
E(ρˆ) = ρ11
1− |ρ01|2/ρ11 . (6)
This quantity is displayed in Fig. 3(c). Ideally, the gen-
eralized efficiency is expected to be independent of α.
However, imperfect photon detectors and the presence
of higher photon number components introduce a small
dependence on α in the generalized efficiency.
From Fig. 3, the theoretical model (black) predicts
the experimental behavior for ρ11 very well, however the
experimental data for ρ01 is below the model by what
appears to be a constant factor. This indicates there is
some decoherence between the |0〉 and |1〉 components of
the qubit. The orange plots in Fig. 3 show the fit with
ρ01 decreased by a factor of 0.81. The source of this
decoherence could not be determined, however thermal
background contamination was measured to be too weak
to cause this effect. This decoherence could come from
some residual distinguishability between the seed beam
photons and photons from four-wave mixing events, or
uncertainties when reconstructing the qubit phase for
each measurement event.
In summary, we have shown experimental creation and
measurement of an arbitrary Fock-state qubit using four-
wave mixing seeded by a weak coherent state. This qubit
exists transiently as a CSE, and is then immediately read
out optically. This scheme can be advanced from a tran-
sient CSE to demonstration of a long-lived CSE with de-
layed, on-demand readout, akin to a recent experiment
[24]. It can also be extended to higher photon numbers
with the ultimate goal of engineering arbitrary atomic
and optical states. Progress along these lines would have
significant applicability for quantum light sources, quan-
tum memories and quantum repeaters.
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